Abstract-A light-guiding structure is investigated to improve the performance of a surface plasmon resonance waveguide sensor using the three-dimensional beam-propagation method. The absorption strength at the resonance wavelength is examined in terms of the core width. Calculations show that a waveguide with a wide core supporting higher order modes leads to strong absorption comparable to the two-dimensional model. Besides, embedding the core in a substrate is quite effective in obtaining a sharp dip in the wavelength response, i.e., a full-width at half-minimum is reduced from 11 to 5 nm, when the core is embedded by 0.3 m. This contributes to improved measurement precision.
I. INTRODUCTION
A SURFACE plasmon resonance (SPR) sensor consisting of an optical waveguide, compatible with conventional planar waveguide technology, has received much attention due to its advantages such as small size, ruggedness, and multichannel sensing. In previous works, the theoretical investigations of SPR waveguide sensors were limited to two-dimensional (2-D) models [1] - [5] . Note that the 2-D models cannot fully predict the characteristics of practical three-dimensional (3-D) models of the SPR sensors, since the transverse dimensions are not taken into account. Hence, we have applied the 3-D beam-propagation method (BPM) to the evaluation of the basic characteristics of a 3-D model [6] . Unfortunately, the absorption strength at the resonance wavelength for the 3-D model consisting of a single-mode waveguide has been found to be less than the corresponding 2-D counterpart [6] . This is qualitatively consistent with the relation between the measured result of a single-mode waveguide sensor and the 2-D calculated one [2] . We are, therefore, motivated to study a practical 3-D sensor structure possessing not only strong absorption but also a sharp dip in the wavelength response, with a concomitant improvement of measurement precision.
In this letter, we investigate a light-guiding structure for improved performance of an SPR waveguide sensor using the 3-D semivectorial BPM. First, we examine the absorption strength, paying attention to the core width. It is shown that a waveguide with a wide core supporting higher order modes leads to the strong absorption comparable to that of the 2-D model. Next, we discuss the effect of an embedded core on the wavelength response. Calculations show that the embedded core is effective in achieving a sharp dip in the wavelength response, i.e., a full-width at half-minimum (FWHM) is appreciably reduced from 11 to 5 nm, when the core is embedded by 0.3 m, while maintaining the sensitivity to the refractive index change of the analyte.
II. DISCUSSION Fig. 1 illustrates the cross section of the SPR waveguide sensor to be studied. The adsorbed layer (or tuning layer) [2] is inserted between the metal and analyte layers for the sensor operation around m, where these layers are centered on the waveguide ( m and m [6] ). The sensing length is m. The refractive indices are chosen to be and . The metal is selected to be Au ( at m) and the dispersion property of its refractive index is taken into account using the Drude model [6] . We excite the dielectric transverse-magnetic (TM) mode (without the metal, adsorbed, and analyte layers) as an input field. Varying the operating wavelength, we evaluate the output power from the waveguide, which depends on the refractive index of an analyte . Water is used as the analyte, which is sufficiently thick (1 m) to yield a converged solution.
We employ the BPM based on the alternating-direction implicit scheme [6] , [7] . To remove numerical instability often encountered in the vicinity of metal, we adopt the complex reference refractive index approach [8] equivalent to the branch-cut rotation method [9] . In particular, we apply the complex reference index only to the metal region where the reference index in the coefficient of the first derivative in the Fresnel equation is changed into a complex value, while in the phase variation term is kept real [10] ( is the free space wavenumber and is the refractive index of the structure). In what follows, we use with and being the effective index of the dielectric TM mode and 5 , respectively ( is the original real reference index and is a phase factor). The structure is discretized with m, m, and m. First, we examine the dependence of the core width on the absorption strength, which cannot be treated in the 2-D models [1] - [5] , [11] , [12] . The metal strip is wide enough to cover the core region ( m). The core thickness is deliberately chosen to be m throughout this letter so that the singlemode operation in the direction may be maintained. This is due to the fact that a waveguide with a thick core supporting higher order modes in the direction results in a broadening of the absorption dip in the wavelength response, when compared with the single-mode case [12] . Fig. 2 shows the minimum output power at the resonance wavelength with varying the core width for (semi-embedded core) and , along with the result of the 2-D model ( ). As is observed, the resonances for the first and second modes in the transverse direction start to appear around and m, respectively. The output power for each mode gradually approaches the 2-D result, as the core width becomes wide. Here we check the wavelength response obtained from the fundamental mode excitation. Fig. 3 depicts the SPR responses for m (single-mode waveguide) and 12 m. For reference, the response of the 2-D model is also included with the dashed line. As expected from Fig. 2 , the absorption for m is much weaker than that for m, giving rise to less measurement sensitivity. It should be noted that the response for m is almost the same as the 2-D counterpart. Consequently, the core width should be chosen wide, in order to achieve the wavelength responses predicted by the 2-D model.
We now briefly mention the characteristics obtained from the higher order mode excitation. For a specific , the lower absorption of the higher order modes found in Fig. 2 stems from the extension of the higher order mode field compared with the fundamental mode field. We also calculate the wavelength responses of the first and second modes for m. As a result, almost the same wavelength responses as the response of the fundamental mode are obtained, although not illustrated in Fig. 3 . This indicates that the strong absorption can be maintained, even when several modes are simultaneously entered into the sensing section.
Next, we discuss the effect of the embedded core on the absorption strength. Note that its effect is similar to that of a buffer layer placed between the core and the metal layer [3] - [5] . Again, theoretical investigations on this subject have been restricted to 2-D models. Although the embedded core was used for the sensor with the ion-exchanged graded-index waveguide in [13] , its effect was not presented explicitly. Here, we treat a full 3-D structure with a core width of m. Fig. 4 represents the minimum output power at the resonance wavelength and the FWHM of the wavelength response versus for the fundamental mode excitation. It is apparent that the output power and the FWHM exhibit local minimum values around m. In particular, the FWHM of the response is appreciably reduced to nm for m, demonstrating the effectiveness of the embedded core. Fig. 5 displays the wavelength responses for and m ( m). The response is found to become sharper for m, leading to the improved measurement precision. Note even with the embedded core that the sensitivity to the refractive index change of the analyte is successfully maintained: the absorption wavelength shifts from 0.594 to 0.602 m, when the refractive index of the analyte is increased from 1.330 to 1.334 [6] .
Finally, we clarify the reason why the embedded core contributes to a sharp dip in the wavelength response. To do so, we perform the 2-D eigenmode analysis of the sensor using the imaginary-distance BPM [7] . Note that there exist two eigenmodes at the resonance wavelength in the sensor section [6] . The higher modes, for example, are illustrated in Fig. 6 for (a) and (b) m, in which each field is normalized to its maximum value in the core region. The surface plasmon wave can be seen around the interface between the metal and the analyte. Close observation reveals that the amplitude of the surface plasmon wave for m is larger than that for (this is also true for the lower mode cases). That is, the SPR becomes strong with the embedded core being used, leading to the significant field absorption in the metal. As a result of the strong resonance, the wavelength response becomes sharper, as shown in Fig. 5 .
III. CONCLUSION
We have investigated an improved SPR waveguide sensor using the 3-D BPM. Numerical results suggest that the 3-D analysis is indispensable for evaluating the practical model of the SPR waveguide sensor. It is found that the waveguide supporting higher order modes in the transverse direction attains strong absorption comparable to the 2-D model; in other words, the SPR sensor consisting of a single-mode waveguide cannot achieve the wavelength response predicted by the frequently used 2-D techniques. Besides, the waveguide with the embedded core is shown to be effective in further reducing the output power at the resonance wavelength. The reduction leads to a sharp dip in the wavelength response, which contributes to the improved measurement precision. Application to the absorption-based waveguide sensor [14] is left for a future study.
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